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Water intrusion can drastically impact production of hydrocarbons that hold the 
presence of an aquifer. This study analyzed how the presence of natural fractures, within a 
reservoir, can impact the timing and breadth of water intrusion. Natural fracture properties 
were varied in order to perform a sensitivity analysis as to what properties impacted water 
intrusion most heavily. The natural fracture properties that were varied over the course of 
this study were natural fracture density (number of natural fractures in a given reservoir 
volume), natural fracture conductivity, natural fracture length and aquifer properties. Three 
models were analyzed in this study: a tight reservoir model, a conventional carbonate 
reservoir model, and a dry gas field study. The tight reservoir model showed matrix 
permeabilities on the nano-scale, so fluid propagation was primarily driven through natural 
and hydraulic fractures. The tight reservoir model was used as a base case to better 
understand natural fracture properties’ impact on water production, hydrocarbon 
production and producing ratio. No aquifer was present in the tight reservoir model. The 
conventional reservoir model had higher matrix permeabilities and porosities: however, 
 vii 
evident through the sensitivities, natural fractures with higher conductivity still governed 
fluid production in the conventional reservoir model. Statistical sensitivities on producing 
fluid ratios, water breakthrough time and producing fluids were run for each of these 
models. Differing aquifer models were run and compared for this study. The aquifer models 
used were the Fetkovich, and Carter-Tracy model using a commercial CMG modeling 
software. Water breakthrough time was determined by curvature changes analysis on the 
water production curve and confirmed using fracture saturation visualization in the 
embedded discrete facture modeling. Finally, a field study was conducted using the 
techniques and derived in the two conceptual cases (tight reservoir and carbonate 
reservoir). Analysis and sensitivities concluded that natural fracture number and natural 
fracture length had the most effect on water rate and hydrocarbon production. 
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Chapter 1: Literature Review and Background 
The basis of this report comes from a basic understanding of conventional and tight 
reservoirs, their fracture modeling, and different types of water drive and aquifer 
mechanisms. To understand these concepts, a literature review was conducted to better 
understand each on an appropriate level.  
1.1 FRACTURED RESERVOIRS: CONVENTIONAL AND UNCONVENTIONAL  
Conventional and unconventional reservoir exploration and production begins at 
the geologic and lithologic levels. Figure 1, below, shows these differences and highlights 
different reservoirs within each respective category (Burrows et al. 2020). This 
visualization highlights the inherent differences in pore size and permeability when being 
classified as conventional or unconventional. It is evident that the classifications of 
reservoir coincide with smaller pore sizes, and lower permeabilities (Burrows et al. 2020). 
Looking at the permeabilities, below 0.1 milli-Darcy (mD) of permeability are considered 
tight to extremely tight rocks and classified as unconventional. On the other hand, above 
this threshold are considered low to high permeability rocks and classified as conventional 
reservoirs. At the porosity level, nano to pico-pore sizes correspond to unconventional 
reservoir rocks while micro to macro-pore sizes correspond to more conventional 




Figure 1: (Burrows et al. 2020) Comparison of permeabilities and pore radii in 
conventional and unconventional oil reservoirs. Permeability ranges from 
Canadian Society of Unconventional Resources. Pore size ranges from 
Loucks et al. 2012. 
It is important to notice that the permeability ranges considerably by 3 orders of 
magnitude across the 5 fields listed– Eagle Ford, Lower Bakken, Middle Bakken, Barnett, 
and Wolfcamp. However, the porosity stays within 1 order of magnitude for all the 
reservoirs. Often the unconventional reservoirs are found in and produced from shalier type 
rocks. These reservoirs, along with lower permeability and porosity conventional 
reservoirs, often have large natural fracture networks throughout them (Burrows et al. 
2020). This is due to the smaller grain sizes (silt to shale) and carbonate content. The 
smaller grain sizes, and chemical make-up create more fracture-prone rock. In turn, they 
are classified as “fractured reservoirs” and are an important focus of this study. For 
engineering purposes, it is important to understand how these natural fracture networks 
interact, and, in the subsurface, how their properties affect the flow of fluid throughout the 
reservoir.  
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1.2 FRACTURE MODELING 
Over the years, and with the development of hydraulic fracturing and horizontal 
drilling technologies, these fracture modeling frameworks have grown as an area of focus 
for academia and industry knowledge. It began as early as 2002, with the growth of micro-
seismic and temperature distribution sensors creating large data arrays indicating the 
complexity and size of the subsurface fracture networks created during hydraulic fracturing 
in horizontal wells (Maxwell et al. 2002; Fisher et al. 2004; Gale et al. 2007; Warpinski et 
al. 2008; Cipolla et al. 2010). These technologies indicated the importance of 
understanding how these fracture networks interact to understand the flow of fluids and 
their effect on production (Xu et al. 2017). This situation created a push for computational 
software designed to specifically model fractures. Many iterations of numerical 
frameworks and multiple approaches have been used over the years. Reservoir simulators 
have, since 1960, dual-porosity and dual-permeability models to model these fractures 
(Barenblatt et al. 1960; De Swaan 1976; Dean and Lo 1988). However, these type models 
are restrictive and unable to reproduce accurately complex fracture networks (Xu et al. 
2017). Discrete fracture models (DFMs) were created and utilized the use of finite-
difference and finite-element analysis to represent the complexity of the fracture networks 
more accurately. However, these DFMs are employed with unstructured grids which can 
be computationally expensive and even unrealistic for some field studies (Noorishad and 
Mehran 1982; Karimi-Fard and Firoozabadi 2003; Monteagudo and Firoozabadi 2004; 
Matthai et al. 2005; Hoteit and Firoozabadi 2006; Sandve et al. 2012; Hui et al. 2013). 
1.3 EMBEDDED DISCRETE-FRACTURE MODELING (EDFM) 
Embedded discrete-fracture modeling (EDFM) was created as a solution to model 
these highly complex subsurface systems, and highly expensive DFM methods (Lee et al. 
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2001; Li and Lee 2008; Hajibeygi et al. 2011). This technique continues modeling with the 
accuracy of DFMs but with higher computational efficiency. EDFM adds the fractures as 
additional blocks to structured grids (Xu et al. 2017). These fractures are indexed, using 
non-neighboring connections and allow for unique fracture properties for groups of 
fractures or individual fractures. Additionally, these fractures can take on any specific 
geometries and be modeled and simulated using commercial reservoir simulators (Moinfar 
et al. 2014; Panfili and Cominelli 2014; Cavalcante Filho et al. 2015). For this study, that 
allows for efficient and complex fracture modeling using commercial reservoir simulators. 
The EDFM method adds fractures as additional grid-blocks using non-neighboring 
connections (NNC). There are three types of NNCs: connection between a fracture segment 
and the matrix, connection between the fracture segment within the same fracture, and 
connection between intersecting fracture segments (Xu et al. 2017). Mathmatically, these 
NNCs are formulated using the following equations. For a NNC between 2 cells of an 
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where 𝑞$,,-  is the molar rate of component i exchanged through NNCs and it is 
defined by  
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And 𝑛,,-  is the number of NNCs for a grid block, and 𝑃( − 𝛾(𝐷 represents the flow 
potential at the neighboring cell (Moinfar et al. 2014). 𝐴,,- , 𝑘,,- , and 𝑑,,-are the area, 
permeability and distance used to determine the transmissibility factor between each NNC 
pair (Moinfar et al. 2014). For NNC between matrix and fracture cells, the above equations 
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where 𝑥), 𝑑𝑣 and 𝑉 are the normal distance, the volume element, and the volume 
of the grid block, respectively (Li and Lee 2008; Hajibeygi 2011). Finally, for the NNC 
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where 𝐿$)# is the length of intersection line bounded in a grid block, and 𝜔D, 𝑘D, 
and 𝑑D are the fracture aperture, fracture permeability and average of the normal distances 
from the center of the fracture to the intersection line (Karimi-Fard et al. 2004; Moinfar et 
al. 2014). In effect, it is transforming a physical problem into a simpler computational 
problem. Figure 2 shows a visual of how this works (Xu et al. 2017).  
The accuracy of the EDFM method has been compared to past methods of fracture 
modeling. Fine-grid explicit fractures are an accurate but computationally expensive way 
of modeling complex fractures (Moinfar et al. 2014). EDFM method’s results were 
compared to a fine-grid explicit fractures to better understand the accuracy and sensitivity 
to grid size in the models. The results of this analysis are below in Figure 3. From this 
figure, and relevant to this specific example, at higher resolutions, there is convergence 




Figure 2: (Xu et al. 2017) Explanation of EDFM. In (a) the physical problem is defined - 
two fractures, 3 grid blocks, and the wellbore penetrating the matrix. In (b) 
this physical problem is transformed into a computation problem that can be 
efficiently simulated. 
 
Figure 3: (Moinfar et al. 2014) Fine-grid explicit fracture model compared with EDFM 
with varying grid sizes. 
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Finally, a very popular method of defining and modeling fracture networks is the 
locally refined grid (LGR). This method can be very efficient, computationally speaking, 
for simple fracture geometries (Xu et al. 2017). However, when these fractures become 
more complex, local grid refinement can become more computationally expensive, and the 
EDFM method can outperform the LGR method in many scenarios. Figure 4 shows a 
scenario presented in the paper by Xu et al. 2017. It shows a complex fracture geometry 
being modeled by LGR and EDFM methods. The two models’ values are essentially equal 
(Xu et al. 2017). The computational time for the LGR and EDFM model, highlighted in 
Figure 4, was compared. The EDFM model, for this scenario and fracture geometry took 
5% of the time that the LGR method took (Xu et al. 2017).  
 
 
Figure 4: (Xu et al. 2017) Pressure comparison in a complex fracture using (a) LGR and 
(b) EDFM. 
In conclusion, the EDFM method has been proven to be faster, and more accurate 
in modeling complex fractures and their networks. This was recognized in the literature 
review above by comparing to multiple methods of fracture modeling to the accuracy of 
the EDFM and the computational efficiency of the EDFM algorithm. 
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1.4 WATER INTRUSION 
Water intrusion can drastically impact and negatively affect the production of 
hydrocarbons in naturally fractured reservoirs (Beattie et al. 1996; Inikori et al. 2002; Shen 
et al. 2015). The water intrusion can occur in many different ways: water coning, water 
fingering, and, for this study, channeling of water through highly conductive natural 
fractures (Chen et al. 2020). Once water has intruded into a fracture, it cuts off pathways 
for hydrocarbons to travel to the wellbore and can drastically reduce gas production. 
Additionally, naturally fractured reservoirs that sit on top of or adjacent to aquifers can be 
prone to early water intrusion and production (Chen et al. 2020). This is due to the highly 
permeable natural fractures cutting through the usually anisotropic rock (%/
%0
< 1) and 
increasing the anisotropic permeability to the aquifer (Chen et al. 2020). This phenomena, 
once again, can reduce production of hydrocarbons as fractures are saturated with large 
amounts of water, effectively reducing the relative permeability of the hydrocarbons 
(Beattie et al. 1996; Inikori et al. 2002; Shen et al. 2015). Below, in Figure 5, is an example 
showing the water saturation in a couple fractures surrounding a well. This example has a 
strong aquifer positioned underneath the visible fractures. From the figure, it is clear that 
as these fractures are saturated with water over time, the hydrocarbon saturation is, 
effectively, reduced to its residual value. This water is then able to permeate through the 
fractures into the matrix and further create water coning and uneconomic water production. 
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Figure 5: Schematic illustrating the drastic effect water intrusion into naturally fractured 
reservoirs can have on hydrocarbon production. 
Since the fractures are highly permeable, in a naturally fractured reservoir, this 
schematic (Fig. 5) shows a keen example of how water intrusion, near the wellbore, can 
drastically reduce hydrocarbon production. 
1.5 AQUIFER MODELS 
 
Figure 6: Visualization of the naturally fractured reservoir (green) and the aquifer sitting 
beneath it (wire frame).  
Aquifer 
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The final background information needed for the completion of this study was the 
aquifer models. Two models were used, the Fetkovich model and the Carter-Tracy model. 
Both of these models are embedded in a commercial software that was used for this study. 
The software adds the aquifer, as a zero-thickness layer, in a posterior, anterior, or angled 
orientation to the reservoir. Figure 6 shows an aquifer connected to the bottom of the 
reservoir. The properties of the reservoir – orientation, thickness, permeability, porosity, 
and radius – can be altered. The connection is still made as a zero-thickness grid, with 
different boundary conditions (Syed-Kechik and Hutchinson 1983). 
M.J. Fetkovich outlined a simplified approach to water influx by assuming 
pseudosteady-state aquifer productivity index throughout the calculation. Originally, 
systems or reservoirs with the presence of an aquifer were broken into separate flow 
regimes – unsteady state, and steady state (Fetkovich 1971). This required either significant 
historical data, or core and geologic data when there was not enough historical production 
data on hand. Additionally, the historical data was needed in order to work through 
superposition in the calculations. His simplification eliminated the need for superposition 
in water drive models. It also created streamlined and standardized equations for a given 
boundary condition, flow regime, and flow geometry (Fetkovich 1971). He assumed that 
most flow geometries can be simplified, and, for engineering purposes, assumed to be 
either linear or radial (Fetkovich 1971). Those simplifications and corresponding equations 
are given in Table 1.  
Finally, the Carter-Tracy model is also a simplification of previous water drive 
models, that eliminates the need for superposition in pressure and flow calculations (Carter-
Tracy 1960). It is a simplification of the van Everdingen and Hurst models, which assume 
constant oil production rates (van Everdingen 1948; Hurst 1958). The Carter-Tracy method 
assumes constant water influx rates (Carter-Tracy 1960). In this method, the pressure 
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differential [∆𝑝(𝑡:)] is determined only from known quantities from the previous time step 
or tables of constants (Equation 7). This allows for more explicit determination of the 
pressure in each volume interval. Finally, these pressure values are inserted into the flow 
equation for water influx (Equation 8) for each time interval. As a consequence, this 














 . . .   ( 6) 
 





, (𝑡!# − 𝑡!#%&) .    ( 7) 
where – 
∆𝑝: the change in pressure from 𝑝(0) − p(𝑡6") 
𝑊E: cumulative water influx at current time-step 
𝑃: function defined at 𝑡6( 
𝑃F: derivative of the function P 
𝑡6": the present time-step 
𝑡6"1+: the previous time-step 
𝐵+: a constant of proportionality defined by flow regime, porosity and compressibility of 
water and rock in the aquifer 
𝑐E: composite compressibility of the oil reservoir 
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Type of Boundary Radial Flow Linear Flow 
Finite – closed (no flow) 












Finite – constant pressure 
























Table 1: (Fetkovich 1971) Fetkovich equations for differing boundary conditions and 
flow geometries. 
where – 
𝑞G: water flow rate 
?̅?: average aquifer pressure 
𝑝GD: inner aquifer boundary pressure 
𝜇: viscosity of the fluid 
𝑟H and 𝑟I: external radius of the aquifer, and internal radius of aquifer, respectively. 
𝑘: aquifer permeability 
𝑏: width in ft 
ℎ: height in ft 
𝐿: length in ft 
𝜙: porosity 
𝑐#: total or effective aquifer compressibility 
𝑡: time, days 
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Chapter 2: Conceptual Models 
2.1 TIGHT RESERVOIR MODEL 
2.1-1 The Grid Model 
The original motivation for this analysis was to better study and understand water 
intrusion in various reservoir types and over an array of fractured reservoirs with differing 
permeability and petrophysical properties. Thus, a numerical model was used to better 
understand and analyze water intrusion in tight reservoirs. Additionally, several of the 
properties used in the sensitivity study, namely fracture permeability and fracture aperture, 
were combined in later studies to consolidate the sensitivity study. Figure 7 shows a 
visualization of the grid and wellbore after the model inputs. The grid size was 100x90x6. 
The size of each grid block was 50 ft in the x and y direction and 20 ft in the z direction – 
or 5000 ft x 4500 ft x 120 ft. The well in the model had a lateral length of 3828 ft. Moreover, 
there were 50 hydraulic fractures along the span of the horizontal. These hydraulic fracture 
properties were held constant for the study at 50 ft half-length and conductivity of 10 md/ft. 
They can be found in Table 2.  This model did not include the presence of an aquifer. 
Instead, it was used as a baseline case to better understand the trends and sensitivities of 
natural fractures without the aquifer as an additional variable. 
 
Hydraulic Fracture Parameter Value Units 
Number of Fractures 50   
Fracture Half-Length 50 ft 
Fracture Conductivity 10 md-ft 





Figure 7: Visualization of the tight reservoir model grid and well formulation. 
For the tight model, the matrix and reservoir properties used in this model can be 
found in Table 3. 
 
Parameter Value 
Porosity, %  7.6-17.3  
Permeability, nD Matrix: 1-1000 
Kv/Kh 0.1 
Initial Water Saturation 0.3 
Reservoir Pressure, psi 3696 
Avg. Reservoir Thickness, ft (z) 120 
Fracture Height, ft 120 
Fracture Half-length, ft 50 
Table 3: Table of matrix properties used for, and held constant, during the extent of the 
tight reservoir sensitivity analysis. 
2.1-2 Fluid Model 
For the conceptual model, a gas condensate model was used. A compositional 





models rather than black oil models. The compositional models allow for more convenient 
recalibration of the different components when using PVT analysis (Izgec and Barrufet 
2005).  Additionally, the components were lumped into pseudo-components from lab 
report components. This allowed for more efficient simulation times, and kept accuracy 
while controlling macro parameters (API, volumetric factor, and GOR). Table 4 contains 
the values of the fluid composition for this compositional model. It should be noted that 
these values were constant for both the tight and conventional conceptual model sensitivity 
studies.  
 





Table 4: Table containing the fluid composition for both the tight and conventional 
conceptual models used for the sensitivity studies 
The values in Table 3 and Table 4 were constant for the duration of the analysis. 
2.1-3 Sensitivity Analysis 
The variables of change were the natural fracture properties found in Table 5. These 
values were varied by orders of magnitude, and cutoff values were determined where 
hydrocarbon and water production were no longer affected given higher or lower values of 
any given property. 
For the analysis, natural fracture properties were varied by orders of magnitude 
given by the chart below. The dependent parameters used to measure the effect of the 
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variance of the parameters in Table 5 were: water rate, cumulative oil, and cumulative 
water.  
 
  Min Max 
Natural Fracture Permeability (mD) 0.01 1000 
Natural Fracture Aperture (ft) 0.001 1 
Number of Natural Fractures 1000 5000 
Table 5: Table of ranges for the varying natural fracture parameters: fracture 
permeability, fracture aperture, and fracture density. 
2.1-4 Results 
Figures 8-19 show the results of the sensitivity study. The resulting variables were 
water rate (Figure 8, 12, 16), gas rate (Figure 9, 13, 17), cumulative gas production (Figure 
10, 14, 18), and cumulative oil production (Figure 11, 15, 19). Varying parameters 
included fracture permeability, fracture aperture, and fracture density, and the effect on 
water rate and cumulative oil. The trend for each of these varying parameters is that as 
fracture conductivity is increased, water rate increases and cumulative oil decreases. The 
reason behind this result is that as fractures govern the flow of fluid in unconventional and 
tight reservoirs, increasing the transmissibility in these fractures would naturally increase 
the flow of fluid. As the natural fracture permeability and aperture are increased, the flow 
of fluid increases (both water, oil, and gas). This is due to increased conductivity in the 
fracture which allows the fluid to flow more quickly. For the duration of this study, the 
fracture permeability and fracture aperture are combined into one variable – the natural 
fracture conductivity. As the number of natural fractures in the grid is increased, the 
volume of fluid produced also increases. This is a result of larger fracture networks within 
the grid. As natural fractures are added to a finite volume (the grid) they are able to 
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interconnect more, and also increase their surface area within the grid blocks. Since fluid 
flow is governed by fracture networks in tight and fractured reservoirs, this increase in 
fracture surface area increases the flow of fluid (rates) and volume of fluid produced 
(cumulative plots). The fluid is able to flow at higher rates through the larger number of 
fractures and their connective networks. 
 
 
 Figure 8: Water rate for the tight reservoir conceptual model with varying natural 
fracture permeability (0.01 mD to 1000 mD). Floor cutoff natural fracture 
permeability determined to be 10 mD for this model. The plot is shown on a 
log plot for water rate (BBLs/day). 
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Figure 9: Gas rate for the tight reservoir conceptual model with varying natural fracture 
permeability. 
 
Figure 10: Cumulative gas production for the tight reservoir conceptual model while 


























































Figure 11: Cumulative oil production for the tight reservoir conceptual model with 
varying natural fracture permeability (0.01 mD to 1000 mD).  
  
Figure 12: Water rate for the tight reservoir conceptual model with varying natural 
fracture aperture (0.001 ft to 1 ft). Floor cutoff aperture determined to be 





















































Figure 13: Gas rate for the tight reservoir conceptual model with varying natural fracture 
aperture. 
 
Figure 14: Cumulative gas production for the tight reservoir conceptual model while 






















































Figure 15: Cumulative oil production for the tight reservoir conceptual model with 
varying natural fracture aperture (0.001 ft to 1 ft). Floor cutoff aperture 
determined to be 0.01 ft for this model. 
  
Figure 16: Water rate for the tight reservoir conceptual model with varying natural 
fracture number (1000 fractures to 5000 fractures). The plot is shown on a 




















































Figure 17: Gas rate for tight reservoir conceptual model varying natural fracture number  
 
Figure 18: Cumulative gas production for the tight reservoir conceptual model while 
























































Figure 19: Cumulative oil production for the tight reservoir conceptual model with 
varying natural fracture number (1000 fractures to 5000 fractures). 
There were cutoff values (ceilings and floors) where a dependent variable (water 
rate, gas rate, cumulative gas, or cumulative oil) no longer varied as that parameter was 
further increased or decreased. Ceiling cutoffs were defined where increasing the 
parameter no longer affected output variables. Floor cutoff were defined where decreasing 
the parameter no longer affected output variables.  
Figure 20 and Figure 21 show the pressure distributions in the reservoir at time 
t=3.5 months (first time step), and time t=58 months (final time step). It is evident the 
































Figure 20: Pressure distribution at initial time, t=0. 
 
Figure 21: Pressure distribution at final time step, t=58 months of production. 
2.1-5 Sensitivity Analysis 
Figures 22-25 are the plots of the sensitivities of water rate, gas rate, cumulative 
gas, and cumulative oil production with varying number of natural fractures, natural 
fracture permeability, and natural fracture aperture. Density was the most sensitive variable 
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with respect to water rate, gas rate and cumulative gas. The cumulative oil sensitivity plot 
was relatively equal, with all variables having similar variance.  
 
 
Figure 22: Water Rate sensitivity for the tight reservoir (low permeability) varying 














Figure 23: Gas rate sensitivity for the tight reservoir varying natural fracture density, 
permeability and aperture. 
 
Figure 24: Cumulative gas sensitivity for tight reservoir varying natural fracture density, 






















Cumulative Gas Production (ft^3)
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Figure 25: Cumulative oil sensitivity for the tight reservoir (low permeability) varying 
natural fracture density, permeability and aperture. 
2.2 CARBONATE RESERVOIR MODEL 
2.2-1 Grid Model 
A compositional model was used again for the carbonate reservoir sensitivity 
analysis. The composition of the fluid was the same as the fluid in the tight reservoir. The 
major difference between this model and the tight model was the matrix permeability, and 
the wellbore used was a vertical well as opposed to a horizontal well in the tight model. 















Porosity, %  7.6-17.3  
Permeability, mD Matrix: 0.39-78 
Kv/Kh 0.1 
Initial Water Saturation 0.3 
Reservoir Pressure, psi 3696 
Avg. Reservoir Thickness, ft (z) 120 
Fracture Height, ft 80-120 
Natural Fracture Conductivity, md-ft 0.01-100 
Table 6: Matrix and grid properties for the carbonate reservoir base model used in the 
sensitivity analysis 
Figure 26 shows a visualization of the used grid. The grid is 100x90x6 in the (x, y, 
z) direction, respectively. The size of each grid block is 50 ft in the x and y-directions and 
20 in the z-direction. The single vertical well can be seen in the center of the grid marked 
in red. This well penetrated through the first 4 layers (z-direction) of the model and the last 
20 feet (1 layer of the grid) was completed by perforations.  
 






The range of the variation of fracture properties can be found in Table 7. From the 
tight model, the natural fracture permeability and natural fracture aperture were combined 
into a fracture conductivity parameter which is measured in md-ft. 
 
  Min Max 
Fracture Conductivity 0.01 md-ft 100 md-ft 
Fracture Density 500 3000 
Fracture Length 50 ft 800 ft 
Aquifer Type Fetkovich Carter-Tracy 
Table 7: Natural fracture properties and their ranges for the sensitivity study. Each of 
these were studied individual at a base case of 1 md-ft, 2000 natural 
fractures, and 200 ft. Aquifer types are also included with the base being 
Fetkovich and the sensitivity being Carter-Tracy 
These properties were varied uniquely. Below in Figure 27-31, sensitivity to 
fracture conductivity can be seen on 5 dependent deliverables: water rate, gas rate, 
cumulative gas, water cut, and water-gas ratio. These models were run are using the 




Figure 27: Water rate as a function of time while varying fracture conductivity. 
 






















































Figure 29: Cumulative gas production at varying conductivities for the carbonate model. 
 





























































Figure 31: Water gas ratio as a function of production time while varying natural fracture 
conductivity. 
From these plots, it is evident that water rate, water cut and water-gas ratio increases 
as fracture conductivity increases. The peak gas rate increases for the cases 1, 10 and 100 
mD-ft. The declines of these curves are increase as the conductivity decreases: the decline 
for 100 mD-ft is less that 10 mD-ft, which is less than 1 mD-ft. Looking at the cumulative 
gas production, there is an interesting trend occurring. At the higher conductivity values 
(10 and 100 mD-ft), the early cumulative gas values are higher. However, overtime the 100 
mD-ft case begins to decrease. This is due to the water intrusion into these highly 
conductive fractures. At early time, the gas rates peak quickly and are higher than the lower 
conductivities. However, as water intrudes it begins to saturate the natural fracture 
networks and leave the gas stranded. There is evidence of a cut-off conductivity for water-
gas ratio. This is where increasing the fracture conductivity no longer affects the gas rate 
or water-gas ratio. These conductivities were at 10 md-ft. This convergence to a ceiling 


































conductivity. At this infinite conductivity, increasing conductivity no longer proportionally 
increases the water-gas ratio. Sensitivities on the number of fractures in the grid were 
performed next. Their results can be found in Figures 32-36.  
 
 































Figure 33: Gas rate as a function of production history with varying number of natural 
fractures. 
 

























































Figure 35: Water cut as a function of production time while varying number of natural 
fractures. 
 


























































Once again, there is a clear relationship between increasing the number of fractures 
and its effect on water rate, water cut, and water-gas ratio. As we increase the number of 
fractures in the grid the water rate, water cut, and water-gas ratio increase. This increase in 
water rate, water cut, and water gas ratio can be explained by the increased natural fracture 
surface area in the grid and increased interconnectivity of the fractures. Adding more 
fractures, to a fixed volume, creates more highly conductive pathways for the fluid to flow 
through. Additionally, as more fractures are added, even at random, they have a higher 
probability of interacting with each other and creating a faster flow path to the wellbore. 
Due to the strength of the aquifer, as pressure decreases in the reservoir water invades these 
fractures and saturates them, further influencing more water flow to the wellbore. This 
explains the increase in the water producing rates, and ratios over time with an increasing 
number of natural fractures. 
Gas rate, once again, appears to remain relatively constant with increasing natural 
fracture number. However, analyzing the cumulative gas curve, a similar trend to the 
conductivity case emerges. As the number of fractures on the grid increases, the initial 
cumulative productions for the 3000 natural fracture and 2000 natural fracture cases are 
higher than the 500 and 1000 natural fractures. However, over time the 2000 natural 
fracture case begins to decline. This is due to the water intrusion and gives another insight. 
As the surface area of these fracture and interconnectivity of these fractures increases, it 
increases our initial rate of production of hydrocarbons. However, it also increases the 
probability that these fractures will be close to the aquifer and give a faster flow path to the 
wellbore. In this case, the 3000 natural fracture case did not have a fast water breakthrough 
time. However, the 2000 natural fracture case did have a fast breakthrough time and the 
gas production quickly declined. This is evident through the decline in slope on the 
cumulative gas curve for the 2000 natural fracture case. 
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Finally, a sensitivity study was run for the length of these natural fractures. The 
natural fracture conductivity and number of natural fractures were held constant for this 
analysis. The results of the study can be found in Figures 37-41. There is, once again, a 
trend of higher water rate, water cut, and water-gas ratio with increase natural fracture 
length. This is due to more intersection among fractures and quicker water breakthrough 
due to increased volumetric flow of water across the reservoir through the natural fractures. 
Gas rate is held relatively constant at varying fracture lengths; however, analyzing the 
cumulative gas production plot shows similar trends to the conductivity, and number of 
fracture cases above. In the gas rate plot, there appear to be two outliers at 400 and 800 ft 
natural fracture lengths. However, this is just due to the proportional jump (from 100 to 
200, 200 to 400, then 400 to 800) in the length of the fractures.  These early peaks in gas 
rate correlates to the peak in Figure 38. The 400 and 800 ft fracture cases reflect the 
proportional jump in surface area within the fracture network. The cumulative gas plots 
show an early jump in the longer length natural fractures (400 and 800 ft). However, at 52 
months the 400 ft case crosses over the 800 ft case on the cumulative gas plot. Once again, 
this shows evidence of the tradeoff between larger natural fracture surface area and 
interconnectivity within the fracture networks. As the surface area and interconnectivity 
increase, the gas production will increase as well; however, there is a risk of faster water 
intrusion if these natural fractures interact with the aquifer or are very close to the wellbore. 
The faster water breakthrough occurs for the 800 ft fracture case and the gas production 
declines.  
Similar reasoning holds for this varying natural fracture length as for varying the 
number of natural fractures. As the length of the natural fractures are increased more an 
increased surface area of the fixed volume grid is filled with fracture networks. This 
increase creates more highly conductive pathways for the water to flow through.  
 38 
Additionally, longer natural fractures increase the probability of intersection with other 
fractures on the grid allowing for more highly-transmissible pathways for the intruding 
water to flow to the wellbore. This is further confirmed by the steeper decline in the 400 
and 800 ft natural fracture cases. Water is able to flood these fractures and breakthrough to 
the well quicker in these cases. This is the same reasoning for the natural fracture density 
above. These gas rates were overcome by an increase in water rate after the breakthrough 






































Figure 38: Gas rate as a function of production time while varying natural fracture length 
(ft). 
 




























































Figure 40: Water cut as a function of production time while varying natural fracture 
length (ft). 
 


























































Figure 42 and Figure 43 show the pressure distributions in the reservoir at time 
t=3.5 months (first time step), and time t=120 months (final time step). At the final time 
step, there is clear evidence of water intrusion as the drainage radius is no longer radial. 
This is due to the invasion of the aquifer into the reservoir.  
 
 
Figure 42: Pressure distribution at t=3.5 months in the reservoir. 
 
Figure 43: Pressure distribution at the final time step t=120 months of production 
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2.2-3 Aquifer Breakthrough Time 
The aquifer breakthrough time was discerned by the change in curvature of the 
water rate and water cut plots from the above sensitivities. Figure 44 highlights the 
estimated breakthrough time from a scenario with natural fracture conductivity equal to 1 
md-ft, natural fracture length equal to 200 ft and 2000 natural fractures in the reservoir.  
 
  
Figure 44: Example illustrating the estimation of aquifer breakthrough into the wellbore 
for a fracture sensitivity containing natural fracture conductivity equal to 1 
md-ft, 200 ft natural fracture length, and 2000 natural fractures in the 
reservoir model. 
Production began at time equal to 20 months. The point here indicates a 
breakthrough time of 18 months after production (t=38 months). This technique was 
confirmed using a visualization software which shows the water saturation in fractures 
surrounding the wellbore. Figure 45 shows a snap shot at the initial time (t=0) and Figure 






























Figure 45: Initial water saturation in the natural fractures near the wellbore (at t=0). 
 
Figure 46: Visualization showing the natural fracture water saturations near the wellbore 
(at t=18 months0). Fractures near the bottom of the model indicate water 
saturations equal to, or exceeding, 0.95. 
2.2-4 Sensitivity Analysis 
Table 8 shows the ranges of the differing sensitivities presented below. The base 
case, used for comparison in the tornado diagrams in highlighted in bold. 
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Parameter Minimum Base Maximum 
Fracture Conductivity 0.01 md-ft 1 md-ft 100 md-ft 
Fracture Length 50 ft 200 ft 800 ft 
Fracture Density (Number) 500 Fractures 2000 Fractures 4000 Fractures 
Table 8: Sensitivity ranges for the sensitivity study comparing natural fracture properties 
to water production metrics. 
Tornado diagrams were developed for each of the above scenarios to help illustrate 
the impact of natural fracture properties on water production and breakthrough time. The 
tornado diagram for water breakthrough time is below in Figure 47.  
 
 
Figure 47: Tornado diagram representing the sensitivity of varying length, density and 
transmissibility on water breakthrough time. The base case for this study 
was 1 md-ft, 200 ft fracture length and 2000 natural fractures. 
The highest sensitivity is to fracture length for the water breakthrough time. Figure 













diagram for the water cut sensitivity. Figure 50 shows the tornado diagram for the peak 
gas rate sensitivity. Figure 51 shows cumulative gas sensitivities. Figure 52 shows the 
tornado diagram for the water-gas ratio sensitivity. 
 
 
Figure 48: Water rate sensitivity study showing the ranges for differing fracture 














Figure 49: Water cut sensitivity study showing the ranges for differing fracture 
conductivities, natural fracture lengths and natural fracture density. The 
ranges for these parameters are found in Table 6 above. 
 
Figure 50: Peak gas rate sensitivity study showing the ranges for differing fracture 
conductivities, natural fracture lengths and natural fracture density. The 
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 47 
 
Figure 51: Tornado diagram representing sensitivity of natural fracture length, number 
and conductivity to Cumulative Gas Production. 
 
Figure 52: Water-gas ratio sensitivity study showing the ranges for differing fracture 
conductivities, natural fracture lengths and natural fracture density. The 
























The study showed that the highest sensitivity variable was fracture density followed 
by fracture length. This is defined as the number of fractures within the grid. Natural 
fracture length showed the second highest sensitivity. These two parameters, when 
maximized in the study, increased the number of fracture interactions and fracture contact 
surface of water across the grid. For longer fractures, they have a higher probability of 
crossing over each other, on a finite grid, than shorter fractures. Additionally, a higher 
number of fractures in the grid would increase the fracture interaction network and govern 
the flow rate of fluid throughout the grid. Conductivity showed the lowest sensitivity 
throughout this study. This is explained by the increase in isolated fractures in the higher 
conductivity case. Because there is not an increase in the number of fractures, or their 
length, there is a higher probability of isolation among the highly conductive fractures. 
Therefore, even though the fluid may flow more easily through higher conductivity 
fractures, they do not contribute to the network as a whole, or the well’s production. This 
can significantly slow the flow of water to the wellbore if fractures are not long enough or 
dense enough to carry water close to or across the wellbore. 
2.2-5 Aquifer Types 
This section is dedicated to compare the different aquifer types. All natural fracture 
properties, matrix properties, and aquifer properties were held constant during this analysis. 
The properties for each aquifer type are in Table 9, below. The only variable was the type 




Aquifer Property Fetkovich Carter-Tracy 
Height (ft) 120 120 
Porosity (%) 10 10 
Permeability (mD) 20 20 
R/r ratio 100 100 
Table 9: Aquifer properties used for the Fetkovich and Carter-Tracy comparison study. 
The Fetkovich model had lower water rates for all values past 24 months of 
production. Their approaches are similar, as described in Chapter 1 above, however the 
Fetkovich simplification ignores the transient flow regime (Fetkovich 1971). Additionally, 
Fetkovich is for finite aquifer models while Carter-Tracy adopts an infinite aquifer which 
is stronger than a finite aquifer (Carter-Tracy 1960; Fetkovich 1971).  
 
 
Figure 53: Fetkovich model compared to the Carter-Tracy aquifer model 
Figures 54 and 55 are the water saturation distributions at t=0 and t=120 months of 

























natural fracture network. The uneven distribution of fractures consolidating towards the 
wellbore, illustrates how these networks, when interacting with an aquifer near the 
wellbore, can influence production by increasing water rates over time.  
 
 
Figure 54: Water saturation for the carbonate model at the initial time step (t=0 months). 
 
Figure 55: Water saturation for the carbonate model at the final time step (t=120 months). 
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Chapter 3: Field Study 
3.1 WELLS INFORMATION 
The final portion of this project corresponded to a field application, which included 
the sensitivity analysis for the water intrusion behavior. For this study, a dry gas model 
was used with field production data in the base case. This model used a grid measuring 
(47, 41, 4) in the (x, y, z) axes, respectively. The model contained 12,253 natural fractures 
in each of the sensitivity scenarios. There were 5 wells in the model: 4 horizontal and 1 
vertical well. Their respective lengths and trajectories are below in Table 10.  
 
Well Orientation Lateral Length (m) 
B1 Horizontal 337 
B3 Horizontal 471.4 
B4 Horizontal 351.8 
B5 Horizontal 653.2 
B2 Vertical N/A 
Table 10: Wells included in the field study with their associated orientation and lateral 
length, if applicable. 
Each well’s positioning within the grid is shown with the grid in Figure 56.  
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Figure 56: Visualization of the grid, wells, and their positioning for the field study. 
3.2 GRID MODEL 
The matrix properties for the model are found in Table 11.  
 
Parameter Value 
Porosity, % 7 
Permeability, mD 0.005 
Kv/Kh 0.1 
Initial Water Saturation 0.4385 
Reservoir Pressure, kPa 58,470 
Avg. Reservoir Thickness, m (z) 40 







Each well and its position within the model along with the grid’s formulation are 
in Figure 57. From the model, there are a higher concentration of natural fractures in the 
upper portion of the model. Additionally, the wells were brought on at different times. The 
timing of their initial production can be found in Table 12.  
 
Well Initial Prod. Compared to 101D 
B1 0 Months 
B2 0 Months 
B3 2.5 Months 
B4 19.7 Months 
B5 11.5 Months 




Figure 57: Visualization of the fracture model with the associated wells and fractures. 
3.3 SENSITIVITIES 
Similar to the conceptual model, sensitivities were run on these natural fractures in 






water production. Because this is a field case, the production was compared to the reported 
production history instead of a base case scenario, as in the conceptual model. Due to the 
lag in the production for some of the wells, and with the hope of avoiding depletion effects 
and interaction between parent and child wells, 101D was chosen as the well of interest for 
this sensitivity study. The variables used in the sensitivity study were natural fracture 
conductivity, natural fracture length, aquifer thickness, and aquifer permeability. These 
variables and their low and high ranges are given in Table 13. It should be noted that the 
base case contained ranges of these variables, but their average value is included in Table 
13. 
 
Natural Fracture Property Low Value High Value Base (avg) 
Conductivity (mD-m) 1 1000 66 
Number of Natural Fractures 3541 12,253 12,253 
Aquifer Thickness (m) 20 80 40 
Aquifer Permeability (mD) 0.1 10 1 
Table 13: Sensitivity variables with their low and high value as compared to the average 
base value in this field study. 
In the Table 13, the reason the base case does not have average aquifer thickness or 
aquifer permeability is because the original field study did not include the presence of an 
aquifer. For this sensitivity study the Fetkovich aquifer and its formulation were used.  It 
should be noted, that one difference between the field study and the conceptual model is 
the simplifying assumption of the fracture geometries. In the conceptual model, planar 
fractures – which use to points (𝑥+, 𝑦+, 𝑧+) and (𝑥C, 𝑦C, 𝑧C) to model the fracture – were 
used. For the field study, polygons were used to model the fractures, which use 4 points - 
(𝑥+, 𝑦+, 𝑧+), (𝑥C, 𝑦C, 𝑧C), (𝑥J, 𝑦J, 𝑧J), and (𝑥K, 𝑦K, 𝑧K) – to create each fracture. This 
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modeling technique allows for more complex orientations and geometries in the fracture 
network. The sensitivities that were calculated were based on the inputs in Table 13.  
3.4 RESULTS 
The plots of the sensitivity study for natural fracture conductivity are below, in 
Figures 58-61. There is a slight disconnect between the sensitivities (0.1 md-m to 1000 
md-m) in early time. However, there is almost no difference between the sensitivity curves, 
even over 4 orders of magnitude. This gives evidence that there is little influence on water 
rate, gas rate, or, in turn, water-gas ratio. This was hypothesized in the conceptual model, 
as the lowest sensitivity in all the studies was the natural fracture conductivity. It has been 
confirmed in this field case that the natural fracture conductivity does not drastically affect 
the water rate, gas rate, or water gas ratio compared to the number of natural fractures. 
There were slight increases in the water rate and water-gas ratio in Chapter 2’s conceptual 
model. Additionally, there is evidence of a decrease in gas rate as the natural fracture 
conductivity increases. This is due to more water intrusion into these fractures, cutting off 
some of the flow of gas. Due to the large number of fractures, and their interactions in this 
grid, the conductivity had little effect, because the flow is governed by the number and 




Figure 58: Water rate while varying the natural fracture conductivity and holding all 
other variables constant. 
However conductive the fractures are, over a long period of time, did not drastically 
affect the water production because of the large number of fractures on the grid. This theory 
can be explained through the same reasoning as in Chapter 2. Natural fracture conductivity 
just increases the ability for fluid to travel through any given fracture.  This is evident 
through the increased rates at early times for the higher conductivity natural fractures. It 
does not increase the surface area of these fractures and can, potentially, leave some 
fractures isolated. Like a highway system, this increased conductivity just increases the 
speed at which the cars can travel down the road. The increased surface area, in theory, 
widens the highway, allowing for higher of volumes of traffic to travel down. The increased 
interconnectivity gives more roads, or pathways, to the fluid’s destination – the wellbore. 
This theory was further confirmed with the sensitivity study on the number of natural 































Figure 59: Water-Gas Ratio varying natural fracture conductivity and holding all other 
variables constant. 
 
















































Figure 61: Cumulative gas production (m^3) for varying natural fracture conductivities 
for the field study. 
Figures 62-65, plots of the water rate, gas rate, and water-gas ratio are displayed 
while varying natural fracture number in the reservoir. The values of the number of 
fractures, in this study, were 3541, 6041, and 12,253. The plots show a slight increase in 
water rate, and water gas-ratio at increasing natural fracture amounts. They also show a 
slight decrease in peak gas rate as the number of natural fractures decreases and an increase 
in cumulative oil as the number of natural fractures increases. These peaks then converge 
in the later producing months (24 months and on). These results are consistent with the 




























Figure 62: Water rate at varying numbers of natural fractures in the reservoir model. 
These results are a consequence of the Fetkovich aquifer beneath the reservoir. As 
gas and initial water saturations are produced, water from the aquifer fills the depleted 
reservoir rock. Over time, this process increases the producing water rate as more water is 
able to intrude into those fractures. This results in higher early-time gas production, that 




























Figure 63: Water-gas ratio at varying numbers of natural fractures in the reservoir model. 
 





















































Figure 65: Cumulative gas rate at varying number of natural fractures for the field study 
case. 
The final sensitivity analysis was done by varying the aquifer thickness and aquifer 
permeability for a Fetkovich aquifer connected on the bottom of the reservoir. The aquifer 
thickness did not have any true effect on the water rate, gas rate, or water-gas ratio. Their 
plots are below in Figures 66-67. These plots just show the water rate for the increasing 
aquifer thickness and increasing aquifer permeability. The aquifer permeability does have 
an effect on the water rate. As aquifer permeability increases the water rate increases as 
well. These results can be explained by the semi-infinite nature of the aquifer in this model. 
Since there is an almost infinite water supply beneath the reservoir, an increased 
permeability of the aquifer would increase the amount of water produced by the wellbore. 
The strong aquifer is able to, more easily, intrude into the reservoir and natural fracture 
networks with a higher permeability value. This effect, while not readily evident in the 


























Figure 66: Water rate at varying aquifer thicknesses. 
 
 

















































Figures 68-69 show the natural fracture pressure depletion and natural fracture 
water saturations at the final time step. It should be noted the original reservoir pressure 
was 58,470 kPa and the initial water saturation in the reservoir was 0.4385. There is 
evidence of lower natural fracture pressure and higher natural fracture water saturations 
near the wells. The higher water saturation is due to the intrusion of water from the 
reservoir. The lower pressure in the fractures is due to their initial depletion of 
hydrocarbons and initial water saturation that has now been filled by the aquifer intrusion. 
 
 
Figure 68: Natural fracture pressure for the base case at the final time step (70 months of 
production). Pressure is in kPa. 
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Figure 69: Natural fracture water saturation of the base case at the final time step (70 
months of production). 
Figure 70 show the initial pressure distribution in the grid at t=0. Figure 71 displays 
the final pressure distribution after 70 months of production. 
 
Figure 70: Initial pressure distribution for the field study at t=0 months. 
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Figure 71: Final pressure distribution at t=70 months of production for the field study. 
3.5 SENSITIVITY ANALYSIS 
Below are the sensitivity plots, in Figures 72-75, formatted as tornado diagrams for 
the field study. These plots differ from the conceptual model because the aquifer 
permeability, and fracture number were related to the base case, which occurred at 
maximum fracture number and minimum aquifer permeability. It is still clear that, as you 
decrease fracture number – from the maximum of 12,253 – the water rate, peak gas rate, 
and water gas ratio decrease. As you increase the aquifer permeability, from the base case 
of 10 mD, water rate and water-gas ratio increase. 
It is clear from these plots that the primary sensitivity is to the number of natural 
fractures (labeled “Density on the plot) within the grid. Secondary to that is the aquifer 
permeability, however the aquifer permeability has very little effect on the peak gas rate. 
This is due to the peak gas rate happening at an early time, before the aquifer has had 
sufficient time to intrude and reduce the gas rate. Natural fracture conductivity was the 
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least sensitive variable in this study. This is due to the importance and governance of flow 
through the fracture networks. These networks are cut short, and fractures isolated when 
the number of natural fractures is decreased. Therefore, the number of natural fractures had 
a higher effect on water rate, peak gas rate, cumulative gas produced and water-gas ratio. 
 
 
Figure 72: Sensitivity plot of the effect on water rate while varying natural fracture 














Figure 73: Sensitivity plot of the effect on peak gas rate while varying natural fracture 
density, aquifer permeability and natural fracture conductivity. 
 
Figure 74: Sensitivity plot of the effect on Cumulative Gas Production of varying aquifer 
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Figure 75: Sensitivity plot of the effect on water-gas ratio while varying natural fracture 
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Chapter 4: Conclusions 
From the conceptual model we learned about the effect natural fracture properties 
(conductivity, density, and number of fractures) has on the production of fluids and water 
intrusion into the wellbore. The tight reservoir model showed that increasing the number 
of natural fractures and the conductivity (aperture and permeability) increased the amount 
of fluid produced. There were higher production rates of water, and higher gas and oil 
cumulative productions at increasing natural fracture number and conductivity. 
Additionally, the most sensitive variable in the tight reservoir model was the number of 
natural fractures on the grid. This is due to the increased surface area and conductivity in 
the reservoir volume. By adding more natural fractures, it reduces the number of isolated 
and allows the fluid to flow more quickly through the fracture network to the wellbore. 
Flow is governed by natural and hydraulic fractures in tight reservoirs. 
In the carbonate model, the aquifer was added to determine how its presence affects 
the understanding developed in the tight reservoir model. A similar trend showed, but the 
presence of the aquifer, in many cases, decreased the gas rate, and cumulative gas 
production. This is due to intrusion of the aquifer into the highly conductive fracture 
networks. The results and sensitivity analysis showed that increasing the surface area, and 
interconnectivity of these fractures (increasing number of fractures, or lengths of fractures) 
increased the peak gas rate and cumulative gas rate, but also increased the likelihood of 
natural fracture interaction with the aquifer. In cases where there was evidence of natural 
fracture interaction with the aquifer, gas production decreased after some time, while water 
rate increased. Sensitivity analysis showed that the most sensitive variables in the study 
were the number of natural fracture and natural fracture length.  
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In the field study, the trends from Chapter 2 were confirmed and built upon. 
Decreasing the number of natural fractures, decreased the peak gas rate and the water rate. 
This shows that decreasing the surface area and interconnectivity of natural fractures 
reduces the fluid production. Additionally, the field case showed that varying the aquifer 
permeability allows for more water intrusion into the reservoir and increases the water rate 
for higher aquifer permeabilities. The fluid production rates and cumulative productions 
were most sensitive to the number of natural fractures present in the model.  
For the study as a whole, adding more fractures, to a fixed volume, creates more 
highly conductive pathways for the fluid to flow through. Additionally, as more fractures 
are added, even at random, they have a higher probability of interacting with each other 
and creating a faster flow path to the wellbore. When an aquifer is present, due to the 
strength of the aquifer, as pressure decreases in the reservoir water invades these fractures 
and saturates them, further influencing more water flow to the wellbore. This explains the 
increase in the water producing rates, water ratios, and the potential for decline in gas rates 






BBLs = Barrels of Oil 
DFM = Discrete Fracture Modeling 
EDFM = Embedded Discrete-Fracture Modeling 
GOR = Gas-Oil Ratio 
LGR = Local Grid Refinement 
mD = Milli-Darcy 
nf = Natural Fractures 
NNC = Non-Neighboring Connections 
NOMENCLATURE 
𝐴,,-   = Contact area 
𝑏 = Width in ft 
𝐵+ = Constant of proportionality defined by flow regime, geologic properties 
𝑐E = Composite compressibility of the oil reservoir 
𝑐# = Total or effective aquifer compressibility 
𝑑D = Average of normal distances from center of the fracture to intersection 
𝑑,,-  = Distance of natural fracture 
𝑑𝑣 = Volume element 
ℎ = Height in ft 
𝑘 = Aquifer permeability 
𝑘D = Fracture permeability 
𝑘,,-  = Non-neighboring connection permeabilty 
L = Length in ft 
𝐿$)# = Length of the intersection line 
𝑛,,-  = Number of non-neighboring connections 
𝑃 = Function defined at 𝑡6( 
𝑃F = Derivative of the function P 
∆𝑝 = The change in pressure from 𝑝(0) − p(𝑡6") 
?̅? = Average aquifer pressure 
𝑝GD = Inner aquifer boundary pressure 
𝑃( − 𝛾(𝐷 = Potential variation between neighboring cells 
𝑞$,,-  = Molar flow rate of component i 
𝑞G = Water flow rate 
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𝑟H = External radius of the aquifer 
𝑟I =    Internal radius of the aquifer 
𝑡 = Time, days 
𝑡6" = Present time step 
𝑡6"1+ = The previous time step 
𝑉 = Volume of grid block 
𝑊E = Cumulative water influx at current time-step 
𝑥) = Normal distance 
𝜇 = Viscosity of the fluid 
𝜙 = Porosity 
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